ABSTRACT: Current building climate control systems often rely on predetermined maximum occupancy numbers coupled with temperature sensor data to regulate heating, ventilation, and air conditioning (HVAC). However, rooms and zones in a building are not always fully occupied. Real-time occupancy information can potentially be used to reduce energy consumption. The paper proposes an RFID-based occupancy detection solution to address the need for real-time in-building occupancy information. The proposed solution can track real-time location of tagged occupants, and report the occupancy at the zone level. A prototype was built and tested in a campus-dining hall with three zones. Occupants who were waiting in a queue, walking, or sitting were equipped with active RFID tags. The results demonstrated that the location of occupants could be estimated and 71% of the occupants could be detected at the right predefined zone. Based on the findings, detailed and operable strategies for optimizing HVAC-related building energy consumption by using occupancy information are proposed.
INTRODUCTION
Few topics are more relevant in current times than energy management. Global climate change, a growing population, decreasing availability of fossil fuels, increasing environmental and economic concerns regarding energy use are driving forces towards more sustainable ways of responding to the energy needs. In the U.S., 48% of energy consumption is from buildings, 35% of which is consumed by heating, ventilation, and air conditioning (HVAC) systems [1]; therefore, they are prime targets for energy optimization.
Previous research suggests that improvements in operation and management of HVAC systems can save up to 50% of building's energy consumption [2, 3] . Occupancy information is an important variable to determine the heating and cooling loads, and it affects how HVAC systems are adjusted to satisfy various occupant demands. Ideally, building operations automatically would respond to environmental uncertainties and dynamic occupancy load factors [4] .
However, current facility management practices usually rely on gross generalizations to operate HVAC systems, such as operating for the peak occupancy load as opposed to the optimal, leading to more energy consumption than needed. A prime example is occupant congregations within a building space requiring optimization of space temperature control due to thermal heat gains. The availability and integration of occupancy information in operations of HVAC systems bear significant promise in reducing heating and cooling energy consumption.
Due to potential energy savings, the topic of occupancy driven HVAC operations has attracted considerable attention in academic research. To lay the basis of occupancy driven HVAC operations, different solutions were proposed to detect the existence of occupants [2] [3] [4] [5] .
With the occupancy information, timely adjustments to HVAC systems such as redirecting air flows and reducing system running time are made possible in response to either real-time occupancy loads, or predicted loads based on historical data [3, 6] . Energy savings were estimated through simulations, which varied between 10% and 60% [2, 7] . an occupant was detected in the room. Tachwali et al. [3] addressed the second limitation by quantizing the cooling air flow volume into three levels, and determined the volume based on occupancy in each room. Simulations reported an energy saving of up to 50%, which, however, was subject to external weather conditions. Varick et al. [7] used a digital camera based occupancy detection solution to count occupants, which provided an accuracy of 80% in occupancy detection. This occupancy detection system suffered from high costs and privacy issues. Occupancy prediction based on logged occupancy information was also examined [9] . The research simulated to start conditioning a room to a comfortable temperature defined by American Society of Heating, Refrigerating and Airconditioning Engineers (ASHRAE) standards only when the room was predicted to be occupied for 10 minutes or longer. The research reported a saving of 20% in HVAC energy consumption. However, the occupant comfort was reduced, as the system tended to anticipate very low occupancy in some areas and provided an insufficient service.
RESEARCH MOTIVATION AND OBJECTIVES
The majority of the occupancy detection solutions in previous research were not intended for energy optimization. For those occupancy detection solutions aimed at occupancy driven HVAC operations, few were fine-grained and validated in real-life scenarios. Previous occupancy driven operation strategies were high level,
proposing to regulate the airflow volume and HVAC system running time without specifying how these parameters were actually regulated. Moreover, previous research assumed that the energy savings were proportional to the reduction of airflow volume and running time is problematic, and therefore estimated the potential energy savings based on the reduction in airflow volume and running time.
Consequently, the first goal of this study is to propose an occupancy detection solution that can support occupancy driven HVAC operations by tracking multiple stationary and mobile targets simultaneously, and reporting occupancy loads for each thermal zone in real time. The second goal of this study is to examine current HVAC work procedures, identify and quantify major energy consumers, and propose detailed and operable strategies to realize occupancy driven HVAC operations and achieve energy savings.
RESEARCH APPROACH

Occupancy detection algorithm
This research uses a proximity based algorithm. More details of the algorithm can be found in [10, 11] .
Test description
Tests were carried out in a campus dining hall at the Figure 2 illustrates the locations of twelve occupants. About 67% of all stationary occupants in all zones were accurately located. All stationary targets in Zone 1 and Zone 3 were accurately located in their zones, while the detection rate in Zone 2 was only 40%. Target tag 6 was inaccurately located in Zone 1 and target tags 4 and 7 were inaccurately located in Zone 3. One explanation for the low accuracy in Zone 2 is that there were more occupants in this area compared to the other two associated with a more dynamic environment which could have caused a stronger interference of the radio wave emitted by multiple active RFID tags. Moreover, there were more students in zone 2 since food counter 2 is very popular which generated a higher environmental noise to decrease the detection accuracy. [13] The surrounding disturbance from students' movement could lead to significant changes in RSSI values which will result in unexpected lower detection rate.
As for the mobile occupants, two out of the three mobile occupants were accurately located in their zones throughout the test, and the overall accuracy detection rate for the mobile occupants was 66.7%. The mobile occupants in zone 1 and 2 were accurately located throughout the tests with 100% detection rate. The detection rate for the mobile tag in Zone 3 was only 20%, which meant that only one out of five locations was accurately estimated. The rest of the four locations were inaccurately estimated to be either in Zone 2 or Zone 1. Compared with the stationary occupants, the mobile occupants may fluctuate between low and high points of radio wave phases with a large spread which will generate a larger deviation in the detection rate [14] .
Occupancy detection rate for each zone
The overall occupancy detection rate for all three zones was 71%. The occupancy detection rate for each zone is shown in Table 1 . The highest occupancy detection rate was achieved in zone 1, where all occupants were accurately located. As the smallest zone on the boundary of sensing area, Zone 3 generated the worst occupancy detection rate. The estimated mobile occupant route and stationary occupant locations in zone 1 were shifted towards zone 2. If the occupants had been walking around or seated near the boundary between zone 1 and zone 2, they might well be estimated inaccurately in zone 2.
Occupancy detection rate for each occupant location type
Based on their locations, occupants can be divided into two categories: boundary occupants that are next to the boundary of the sensing area, and central occupants that are located at the center of the sensing area. Table 2 presents detection rates of occupants at different locations.
Occupancy detection rate can be affected by where the occupants are located, near the boundary or at the center of the sensing area. The boundary occupants were less accurately located than central occupants with decrease of 29% in occupancy detection rate. The worse results were mainly because those boundary occupants were not in the complete coverage of the nearby reference tags. 
ENERGY SAVING IMPLICATIONS
The energy needed to generate chilled or heated water to condition the mixed air is:
0.21 1.1 ( )
where sa T is the average indoor temperature.
The energy consumption for distributing the air flow is;
1.25 3.412
The total energy consumption by the HVAC system is:
Accordingly, if some thermal zones are detected to have no or low occupancy and the heating and cooling loads are therefore lower than the scheduled peak loads, the following strategies can be taken into account to adjust the HVAC operations to reduce the energy consumption: 
